Following lysis, GTP-bound active Rap2B was precipitated using immobilised GSTRalGDS-RBD and identified by immunoblotting with anti-Rap2B antibody. g, Dominant negative Rap2B induces autophagy. Densitometric analysis of endogenous LC3-II levels relative to actin in COS-7 cells as in Fig. 2g , transfected with pcDNA3.1 (empty vector) or with dominant negative S17N Rap2B (DN Rap2B), were analysed at 24 h post-transfection. h, Dominant negative Rap2B abolishes the effects of Epac-specific cAMP analogue on mutant huntingtin aggregation. SK-N-SH cells transfected with EGFP-HDQ74 and empty vector (pcDNA3.1) or dominant-negative S17N Rap2B (DN Rap2B) (1:3 ratio) for 4 h were treated with or without 10 μM 8-CPT-2Me-cAMP. COS-7 cells were treated for 4 h with or without 400 nM bafilomycin A1 (baf), or with 400 nM bafilomycin A1 in presence or absence of 2.5 μM thapsigargin. Cells were pre-treated with DMSO (control) or thapsigargin for 24 h before adding bafilomycin A1. LC3-II levels were measured by immunoblotting with anti-LC3 antibody and densitometry analysis of LC3-II relative to actin. o, Thapsigargin inhibits autophagosome-lysosome fusion. Normal rat kidney (NRK) cells were transiently transfected with LC3 tagged with the red fluorescent protein mCherry and the late endosomal/lysosomal membrane protein lgp120 tagged with GFP. They were then treated with DMSO (control), 2.5 μM thapsigargin or 400 nM bafilomycin A1 for 24 h. Similar to bafilomycin A1 (negative control), thapsigargin led to a clear decrease in colocalisation and therefore autophagosome-lysosome fusion (2 experiments, 20 cells per treatment per experiment, two-tailed t-test: p (DMSO, thap) = 9x10 -9 ; p (DMSO, baf) = 1x10 -13 . Supplementary Fig. 4 . The effects of thapsigargin on the clearance of mutant proteins are rescued by calpain inhibitors and thapsigargin inhibits autophagy by blocking autophagosome-lysosome fusion. a, b, Thapsigargin increases EGFP-HDQ74 aggregation and cell death. COS-7 cells were transfected with EGFP-HDQ74 for 4 h and then treated with DMSO (control) or 2.5 μM thapsigargin (thap) for last 24 h of 48 h post-transfection period. Fluorescent microscopy images were taken in high (left panel) and low intensity (middle panel) to denote the number EGFP-positive transfected cells and aggregates (indicated by arrows) respectively (a). Nuclei are stained with DAPI (right panel). Bar, 50 μM (a). The effects of thapsigargin on EGFP-HDQ74 aggregation and cell death at 48 h post-transfection were expressed as odds ratio (b). c, The effect of thapsigargin on EGFP-HDQ74 aggregation is autophagy-dependent. The proportions of EGFP-positive cells with EGFP-HDQ74 aggregates in wild type (Atg5 +/+ ) and knockout (Atg5 -/-) Atg5 mouse embryonic fibroblasts (MEFs), transfected with EGFP-HDQ74 for 4 h and then treated for next 48 h with or without 2.5 μM thapsigargin, were expressed as odds ratio. Thapsigargin increased aggregates in Atg5 +/+ , but not in Atg5 -/-, suggesting its effect was autophagy-dependent. d, Thapsigargin retards clearance of A53T α-synuclein. A53T α-synuclein clearance in stable inducible PC12 cells, treated with DMSO (control) or 2.5 μM thapsigargin for 24 h, was analysed by immunoblotting with anti-HA antibody and densitometry analysis relative to actin. p, q, Calpain inhibitors do not affect intracellular stored Ca 2+ in the presence of thapsigargin. Stored intracellular Ca 2+ was determined by addition of 10 μM ionomycin (arrow) to Fura2-loaded COS-7 cells resuspended in nominally Ca 2+ -free saline. Representative traces are shown following 24 h treatment of cells with DMSO control (dashed), 2.5 μM thapsigargin (black), 2.5 μM thapsigargin and 10 μM calpastatin (dark grey) and 2.5 μM thapsigargin and 50 μM ALLM (light grey) (p). Peak ionomycinreleasable Ca 2+ (mean ± s.d., n = 3) are shown under the same conditions (q). r, Effects of thapsigargin are mTOR-independent. COS-7 cells treated with DMSO (control), 2.5 μM thapsigargin or 0.2 μM rapamycin (rap) for 24 h, were analysed for mTOR activity by immunoblotting for levels phospho-S6K and densitometry analysis of phospho-S6K relative to total S6K. Rapamycin was used as a positive control to assess mTOR inhibition. Likewise, verapamil, loperamide, nimodipine, clonidine and minoxidil had no effect on mTOR signaling (data not shown). s, t, Thapsigargin-induced EGFP-HDQ74 aggregation/toxicity can be abrogated by rapamycin. The percentage of EGFP-HDQ74-positive cells with aggregates and cell death in COS-7 cells, treated with 2.5 μM thapsigargin with or without 0.2 μM rapamycin for the last 24 h of the 48 h post-transfection period, was expressed as odds ratio. Rapamycin treatment was started 15 min prior to addition of thapsigargin. u, Rapamycin rescues the effects of thapsigargin on autophagy. COS-7 cells were transfected with EGFP-LC3 construct for 4 h and treated with 2.5 μM thapsigargin with or without 0.2 μM rapamycin for 2 h. The proportions of EGFP-positive cells with >5 EGFP-LC3 vesicles were assessed. Rapamycin treatment was started 15 min prior to addition of thapsigargin. *, p < 0.05; **, p < 0.01; ***, p < 0.001; NS, Non-significant. 
, Calpeptin increases autophagosome-like structures and reduces mitochondria. COS-7 cells were treated with DMSO (control) or 50 μM calpeptin for 24 h, fixed and assessed by electron microscopy (EM) for the number of early and late autophagosome-like structures (d) and mitochondria (e) per 50 cell profiles. EM analysis of autophagosomes was performed using criteria as described 21 . The data was analysed using Student's t-test and the error bar denotes standard error of the mean. See reference in Supplementary Information online. f, Calpastatin induces autophagy in a dose-dependent fashion. Densitometric analysis of endogenous LC3-II levels in SK-N-SH cells as in Fig. 5c , treated with or without 10 mM or 30 mM calpastatin for 24 h. g, Calpain inhibitors increase autophagic flux. Densitometry analysis of EGFP-LC3-II levels relative to actin of the immunoblot in Fig. 5d . In the left hand panel we show the effect of bafilomycin A1 (baf) on EGFP-LC3-II levels in cells not exposed to calpain inhibitors. For the other panels, we have fixed the EGFP-LC3-II levels in bafilomycin A1-treated cells not exposed to calpain inhibitors at 100% to facilitate comparisons -note that the data from different calpain inhibitors are from different blots, hence the band intensities in cells not exposed to calpain inhibitors cannot be directly compared. h, Verapamil increases autophagic flux. Stable PC12 cells differentiated with 100 ng/ml NGF for 5 days were treated with or without 400 nM bafilomycin A1 (baf) in presence or absence of 1 μM verapamil for 4 h. Verapamil pre-treatment was done for 24 h before bafilomycin A1 addition. LC3-II levels were detected by immunoblotting with anti-LC3 antibody and densitometry analysis relative to actin. (Fig. 6e) or G sα inhibitor NF449 (Fig. 6f ) increases LC3-II levels. g, Knockdown of G sα and calpastatin do not have additive effect on EGFP-HDQ74 aggregation. HeLa cells were transfected with control siRNA or SMARTpool siRNA against G sα together with EGFP-HDQ74 and treated with or without 10 μM calpastatin for 72 h. The proportion of EGFP-positive cells with EGFP-HDQ74 aggregates were assessed and expressed as odds ratio. h, Modulators of calpain activity do not affect Atg5 levels or cleavage. COS-7 cells, transfected with EGFP-Atg5 and EGFP (transfection control) in a 3:1 ratio for 4 h and then treated with or without 10 μM calpastatin or 2.5 μM thapsigargin for 48 h, were analysed by immunoblotting with anti-EGFP antibody. i, j, Calpain inhibitors do not inhibit mTOR activity. COS-7 cells treated with or without 10 μM calpastatin, 50 μM ALLM, 50 μM calpeptin, 0.2 μM rapamycin (rap) or DMSO (control for ALLM, calpeptin and rapamycin) for 24 h, were analysed for mTOR activity by immunoblotting for levels phospho-p70S6K (i) and phospho-4E-BP1 (j). Rapamycin was used as a positive control to assess mTOR inhibition. **, p < 0.01; ***, p < 0.0001; NS, Non-significant. c, Rapamycin reduces mutant huntingtin aggregates in HD zebrafish model. In the EGFP-HDQ23 line sectioned at 9 d.p.f., no aggregates formed and no effect was observed by 10 μM rapamycin treatment. In the EGFP-HDQ71 line, aggregates were apparent in vehicle (DMSO) treated samples and both aggregate burden and diffuse EGFP-HDQ71 was noticeably reduced by 10 μM rapamycin. This is entirely consistent with our previous data in cell models showing that wild-type mutant huntingtin fragments are very poor autophagy substrates, while both soluble and aggregated forms of mutant huntingtin are cleared efficiently after autophagy induction 15, 30 . It is likely that aggregates are cleared because autophagy is removing aggregate precursors (i.e., soluble monomeric/oligomeric species), rather than the aggregates themselves, which are not membrane-bound. For detailed discussion, see review 31 . See references in Supplementary Information online. Compounds were used at concentrations previously described as having the desired and expected effects on the targets described in this study effects in cell culture. and HA-tagged A53T α-synuclein mutant 13 , previously characterised, were maintained at 75 µg/ml hygromycin B (Calbiochem) in standard DMEM with 10% horse serum (Sigma), 5% FBS, 100 U/ml penicillin/streptomycin, 2 mM L-glutamine, and 100 μg/ml G418 (GIBCO) at 37°C, 10% CO 2 .
Supplementary Figure 6 continued

Mammalian cell lines, culture and transfection
African green monkey kidney cells (COS-
7
Quantification and analysis of aggregate formation and cell death
Approximately 200 EGFP-positive cells per sample were counted for the proportion of cells with green fluorescent EGFP-HDQ74 aggregates, as described previously 1, 14, 15 . If an EGFP-positive cell has one or many aggregates, the aggregate score is 'one'.
If an EGFP-positive cell does not have any aggregate, the aggregate score is 'zero'.
For example, the statement 'calpastatin significantly reduced EGFP-HDQ74
aggregates' means that calpastatin significantly reduced the proportion of EGFPpositive cells with EGFP-HDQ74 aggregates. Only EGFP-positive cells were counted so that we count only the transfected cells. Nuclei were stained with DAPI and those showing apoptotic morphology (fragmentation or pyknosis) were considered abnormal. These criteria are specific for cell death, which highly correlate with propidium iodide staining in live cells 16 . Analysis was performed using Nikon Eclipse 5 E600 fluorescence microscope (plan-apo 60x/1.4 oil immersion lens at room temperature) with observer blinded to identity of slides. Slides were coded and the code was broken after completion of experiment. All experiments were done in triplicate at least twice.
Assessment of autophagy by LC3
When autophagy is induced, the microtubule-associated protein 1 light chain 3 (LC3)
is processed post-translationally into LC3-I, and then to LC3-II, which associates with autophagosome membranes 2 . Quantification of the number of cells with LC3-positive vesicles or LC3-II levels (versus actin) allows for a specific and sensitive assessment of autophagosome number in large numbers of cells 17 .
Furthermore, as EGFP-LC3 overexpression does not affect autophagic activity, the numbers of EGFP-LC3 vesicles have frequently been used to assess autophagosome number 18 . For analysing the cells with EGFP-LC3 vesicles, we considered an EGFP-positive cell as having a score of 'zero' if there were 5 or fewer vesicles (as cells have basal levels of autophagy) and cells scored 'one' if they had >5 LC3-positive vesicles 14 . Analysis was performed using Nikon Eclipse E600 fluorescence microscope (plan-apo 60x/1.4 oil immersion lens at room temperature)
with observer blinded to identity of slides. Slides were coded and the code was broken after completion of experiment. All experiments were done in triplicate at least twice.
Analysis of autophagosome-lysosome fusion
NRK cells were transfected 24 h after seeding, with 1 μg mCherry-LC3, 0.5 μg GFPlgp120 per cover slip for 4 h in Optimem. They were then washed once in full medium and cultured in full medium with DMSO, 400 nM bafilomycin A1 or 2.5 μM Images were acquired on a Zeiss LSM510 META confocal microscope (63x 1.4NA
plan-apochromat oil immersion) at room temperature using Zeiss LSM510 v3.2 software (Carl Zeiss, Inc.), and Adobe Photoshop 6.0 (Adobe Systems, Inc.) was used for subsequent image processing.
Western Blot Analysis
Cell pellets were lysed on ice in Laemmli buffer (62.5 mM Tris-HCl pH 6.8, 5 % β- 
Measurement of stored intracellular Ca
2+
Following 24 h treatment with 2.5 μM thapsigargin alone or in combination with 10 μM calpastatin or 50 μM ALLM (as previously described), COS-7 cells were pre- achieved by monitoring Fura-2 fluorescence using a Cairn Spectrophotometer as described previously 20 .
RNA Interference
SMARTpool siRNA (pool of four different siRNA duplexes) against calpain 1 and according to manufacturer's protocol. Cells were fixed after transfection and analysed by fluorescence microscopy. The total amount of siRNA in the above experiments is identical in control and calpain/G sα knockdown cells.
Assay for cAMP levels
Cells were subjected to immunocytochemistry (described above) using rabbit anticAMP primary antibody (1:4000) (Chemicon) overnight and goat anti-rabbit Alexa Unpaired t-tests were performed on the means from each triplicate sample.
Rap2B activation assay
PC12 cells were plated into 9 cm dishes at a density of 3x10 5 
Electron microscopy
Electron microscopy (EM) analysis of autophagosomes was performed using criteria as described previously 21 .
Drosophila analysis
Fly culture and crosses were carried out at 25 o C and at 70% humidity, using Instant
Fly Food (Philip Harris, Ashby de la Zouch, UK) unless otherwise stated. Flies were raised with a 12 h light: 12 h dark cycle. Aliquots of 0.5 M verapamil hydrochloride (Sigma, Poole, UK) in DMSO, or DMSO alone were added to the water that was used to prepare the instant fly food.
Virgin female flies of the genotype y w; gmr-httNterm(1-171)Q120
(gmrQ120) 22 were allowed to mate with male flies from an isogenised w 1118 stock 23 in food vials for 48 h. Flies were then transferred to vials containing instant fly food containing either drug in DMSO or DMSO alone. Progeny were collected 0-4 h after eclosion, kept on food of the same composition as they had been reared on, and scored for photoreceptor degeneration using the pseudopupil technique 24 two days after eclosion.
We previously analysed toluidine blue-stained plastic sections of gmr-httQ120
Drosophila eyes and characterized the rhabdomere loss in detail 25 . Consistent with a previous report 22 , we observed loss of rhabdomeres followed by degeneration of the eyes, which manifested as structural disorganization but resulted in only subtle and low levels of photoreceptor loss 25 . We saw no loss of rhabdomeres in either wild-type flies, or transgenic flies expressing otherwise identical huntingtin transgenes with 23
glutamines. Since we observed some variability in the eye disorganization in Q120 flies and since it is difficult to quantify structural changes, we used the pseudopupil 11 technique as a quantifiable read-out. Loss of visible rhabdomeres in this model preceded photoreceptor death/loss assessed by toludine-blue staining of plastic sections and is a progressive degenerative phenotype seen only in flies expressing the mutant transgene (but not the wild-type transgene) and was not present at eclosion 22 (data not shown).
For pseudopupil analysis, heads were removed from adult male flies and mounted on microscope slides using nail polish. The ommatidia were analyzed using a 100x objective and bright field optics with bright illumination, with the observer blinded to the identity of the flies. Rhabdomere counts were carried out by analyzing and rabbit polyclonal anti-EGFP antibody (1:20,000, Abcam). Membranes were
Cell-type specificity
In this paper we have studied a range of cell types. However, the key pathways studied in this paper have all been validated in COS-7 cells, such as the link from cAMP-Epac to IP 3 (Figs. 2b, 2e-h) , the effects of IP 3 on autophagy (previously demonstrated 1 ) (Fig. 2i) , the Epac-PLC-ε to calpain link ( Fig. 3e and Supplementary   Figs. 3k, l online) , the calpain effect (Figs. 4f, g, 5e , f and Supplementary Figs. 4a, b, m, n online), calpain cleavage of G sα ( Supplementary Fig. 6a online) , elevation of cAMP levels by calpain and G sα activation (Supplementary Figs. 6d , e online), the demonstration that cAMP can modulate calpain effects (Fig. 6c) , and clarification that the pathway is mTOR-independent (Figs 7a-f and Supplementary Figs. 6i, j online). Furthermore, the key elements of the pathways and the drug effects have been validated in a range of cell types in cell models and in vivo, suggesting that these are not cell-type specific effects. While we can not exclude the possibility that there may be cell-type specific additional signals that contribute to these drug effects, the pathways studied are well-conserved. Of importance, the Epac pathway is well characterized in neurons [2] [3] [4] [5] ( Supplementary Fig. 3f online) . Furthermore, G sα and PLC-ε are expressed ubiquitously 6, 7 , and the PLC-ε link with calpain activation is well recognized.
Intracytosolic Ca 2+ and autophagy
Various studies have demonstrated raised intracytosolic Ca 2+ levels and calpain activities in HD patients and animal models [8] [9] [10] [11] . Thus, the pathway from Ca 2+ to calpain to G sα to cAMP to IP 3 is likely to be activated. IP 3 receptor activation (e.g.,
with PLC-ε overexpression) will lead to Ca 2+ release and calpain activation ( Supplementary Fig. 3k online) . The autophagy-blocking effects of this activated 3 pathway will be reversed by the drugs we have identified (Figs. 3a-e, 4g, 6c and Supplementary Figs. 3o, 4g-i, k online) . Direct calpain activation also blocks autophagy (Figs. 4f and 5e, f) . The PLC-ε effects appear to be directly mediated via calpain as they are blocked by calpeptin (Fig. 3e) 
